ABSTRACT A new high altitude propeller is analyzed and designed in this paper to be used on the stratospheric aircraft propulsion system. Two more appropriate approaches to investigate the aerodynamics characteristics of the high altitude propeller are obtained by comparison of vortex theory with the Spalart-Allmaras (S-A) model and XFOIL program, computational fluid dynamics (CFD), and wind tunnel tests, which are vortex theory with the S-A model and CFD method. In addition, the comparison results show the S-A model is more suitable than the XFOIL program to calculate lift and drag coefficients of S1223 airfoil in case of laminar flow separation and low Reynolds number. What is more, the design procedure of the new high altitude propeller is also described. The above approaches are applied to the new high altitude propeller to get the thrust coefficient, power coefficient, and efficiency. It is indicated that the design propeller can meet the cruising requirement of aircraft at the design point.
I. INTRODUCTION
In recent years many countries compete for the development of stratospheric aircraft. The stratosphere is defined as the atmospheric region from about 20km to 100km above the Earth's surface. Because of the effect of high altitude environment, the propulsion system of stratospheric aircraft has its own unique composition [1] , [2] . The propeller of an aircraft is one of the important performance features when designing an aircraft [3] . Thus it is necessary to research into the propeller. The efficiency of the propeller has a great influence on the total efficiency of propulsion system, and therefore the primary task of this paper is to design and analyze the propeller.
The development of the propeller theory originates from the 19th century. Rankine [4] and Froude [5] first developed the theory of propellers. The blade element theory was presented by Drzewiecki [6] . However, he neglected the induced velocity of the propeller. Betz and Prandtl [7] deduced the condition of minimum energy loss aiming at the lightly loaded propellers. Glauert [8] discovered an approximation to the flow around helicoidal vortex sheets, which is better if the advance ratio of the propeller is smaller and improves as the number of blades increases. Goldstein [9] discovered a solution for the potential field and the distribution of circulation for propellers with small advance ratios. Combining momentum theory, blade element theory, and vortex theory, Larrabee [10] presented a practical design theory for minimum induced loss propellers. Currently, vortex theory is widely used.
With the development of computer technology, numerical simulation is widely used to calculate the performance of propellers. Sodja et al. [11] carried out the computational fluid dynamics analysis method to calculate the rotating propeller. The k-ε turbulence model was adopted. CFD analysis could be used as a post-analysis method for aerodynamic characteristics calculation of a high altitude propeller. Liu et al. [12] used k-w shear-stress transport turbulence model to calculate the propeller of stratospheric airships. The results of CFD calculation are basically in agreement with the experimental results in ground wind tunnel. Wang et al. [13] simulated the high altitude propeller whose diameter was 8 meters using k-ε turbulence model. The results of CFD analysis method are in good agreement with experimental results. Morgado et al. [14] used k-w shear-stress transport turbulence model to calculate an APC 10×7 inches propeller. He selected the SIMPLE algorithm and second-order upwind scheme. CFD results show the real trend.
The method based on the vortex theory typically leads to reasonably accurate performance predictions [15] . In this paper, vortex theory is utilized to calculate the propeller's aerodynamic characteristics of stratospheric airships. The propeller model [16] , [17] is applied to the study. The results of vortex theory, compared with CFD and wind tunnel tests [16] , [17] , are closer to the wind tunnel tests. Vortex theory is deduced from blade element theory and the influence of slipstream vorticity on the blade is considered in the vortex theory. Based on the blade element momentum (BEM) theory [18] , the equation of the interference angle is simplified. Interference angles of blade section can be calculated only using the lift coefficients. Though small angle analytical solution to the BEM equations is very convenient and effective, the lift coefficient curve is not a straight line especially in case of the large angle of attack (AOA). With the increment of propeller rotation speed, AOA of the section airfoil becomes larger. So it is inaccurate to simplify the lift coefficient curve into a straight line.
The S-A model of Fluent and the XFOIL program are both used to calculate the lift and drag coefficient of an airfoil on condition of different angles of attack and Reynolds number. And the calculation results are brought into the vortex theory, aerodynamic characteristics of the propeller are closer to wind tunnel tests when using vortex theory with the S-A model.
In order to meet the requirement of the stratospheric aircraft propulsion system, a high altitude propeller is designed. The similarity theory of the propeller is adopted to compute the performance of the design propeller to prove CFD method feasible and valid. At the same time, CFD simulation and vortex theory are both selected to calculate the design propeller. The results of these methods indicate that the design propeller can meet the requirement of aircraft cruising.
II. METHODOLOGY A. VORTEX THEORY OR STANDARD STRIP ANALYSIS THEORY
To model the propeller, the blade is divided into a set of blade elements. The blade element is treated as a two dimensional airfoil. The local flow schematic of the airfoil is presented in Fig. 1 [19] . V ∞ is forward speed of the propeller. N B is blade number of the propeller. n is angular velocity of the propeller. V is total kinematic velocity of the actual airflow. b is chord of the propeller, v a is axial induction velocity and v t is tangential induction velocity. β is pitch angle. α i is defined as the interference angle. ϕ is actual airflow. r is radial coordinate.
Actual airflow and angle of attack of the airfoil are given by
Interference angle is
Incremental lift and drag forces generated by a single blade element are
Drag to lift angle is given by
Total aerodynamic of blade element is
Incremental thrust dT and torque force dF are as follows.
Axial and tangential induction factors are presented in (11) and (12) .
Equation (5) and (8) are brought into (9) . Equation (13) is given by
Similarly, incremental torque force dF is presented in (14) .
So incremental torque is
The momentum theory is used to calculate the interference angle α i . The momentum theory equations [20] are immediately shown below.
Momentum equation (16) is set to be equal to the blade element equation (13) . And equation (18) is obtained.
Similarly, the right hand sides of (17) and (15) are made equal. Equation (19) is
Equation (1) can be written as:
Therefore a is given by
Analyzing (18) and (19), Equation (22) can be obtained.
Equating (21) and (22), Equation (23) is expressed as
Comparing (18) with (23), the induced angle equation is given by
Because both γ and α i are small, tan γ tan α i is far less than 1. Equation (24) can be assumed to be
The right hand side of (25) is a monotonically decreasing function by AOA and the left is lift coefficient curve of blade element. This equation has a unique root. It is easy to obtain the induced angles of propeller only needing the lift coefficient curves, which reduces the computational complexity in the iterative process. Equation (25) is deformed as follows:
C L (α) can be obtained by the polynomial fitting method. The zero root of (26) is calculated by the vpasolve function of MATLAB. So angles of attack and interference angles of the propeller can be gained.
The thrust and torque of the propeller are
Dimensionless thrust and power coefficients are calculated from the following equations
(29)
The advance ratio is presented in (31). The propeller efficiency is computed through (32):
B. THREE DIMENSIONAL CORRECTIONS MODEL
It is assumed that the number of propeller blades is infinite in the vortex theory. But in fact the number of blades is finite. So the momentum functions need to be modified. Glauert [8] proposed momentum loss factor F.
where f is
and φ t is the flow angle of the blade tip.
III. CFD ANALYSIS A. COMPUTATIONAL MODEL
The computational domain is divided into 6 parts in Only one blade is analyzed since the propeller rotation is periodic, which saves the meshing time and the convergence time of CFD simulation. ICEM software is used to mesh the propeller. The computational domain is composed of 3.8 million hexagonal and tetrahedral elements clustered around the blade surface as presented in Fig. 3 . Tetrahedral elements around the blade and distribution of the cells on the blade surface are shown in Fig. 4 .
Mesh independency tests are performed to guarantee the obtained results are independent on the used mesh. As is presented in Fig. 5 , five different grids are used to guarantee the results independency at the propeller rotation speed of 960rpm and 1080rpm. The number of coarse mesh is 1.56 million, the used mesh is made by 3.8 million and the refined mesh consists of 6.85 million cells. The other meshes are 2.01 and 4.7 million. The maximum discrepancy between the used mesh and the refined mesh is 2.41% for the thrust coefficient, 2.44% for the power coefficient and 4.94% for efficiency of the propeller. Thus the results are not affected by the used mesh. So the mesh with 3.8 million is used in CFD simulation of the design propeller.
B. COMPUTATIONAL METHOD
The flow field of the propeller is steady under the rotating coordinate system. Rotating coordinate system and pressurebased solver are used and Reynolds-Averaged Navier-Stokes equations is regarded as the governing equations. The finite volume method is applied to discretize the governing equations. Spatial discretization is second order upwind scheme and pressure-velocity coupling is the Coupled algorithm. The turbulence model is k-w shear-stress transport model which VOLUME 5, 2017 can deal with the time-averaging. According to the boundary layer mesh on the blade, y plus is about 0.4 along blade length. Multiple Reference Frame Model (MRF) of FLUENT is used to calculate the rotation motion of the propeller.
C. BOUNDARY CONDITION
Velocity inlet and pressure outlet are used as the boundary conditions. The atmospheric pressure of 20km is used as environment pressure. That is 5474.9Pa. The cruising speed of the aircraft is regarded as the velocity of the inlet. The surfaces of the propeller are set as Wall boundary and the propeller is stationary in the coordinate system.
IV. HIGH ALTITUDE PROPELLER DESIGN
The propeller is an important part of the propulsion system for high altitude and low speed aircraft. The efficiency and capabilities of the propeller directly affect the size of the power system and the other propulsion system components. The majority of energy produced and consumed by the aircraft is to exert thrust. In a word, the propeller has a great influence on the aircraft propulsion system.
The design parameters of high altitude propeller include advance velocity, rotation speed, diameter, pitch angle, chord of blade element, airfoil and the number of the blade.
(1) The advance velocity is identified by the cruising requirement of the aircraft. The diameter of the propeller is limited by the size of the aircraft. At the same time, Mach number of the propeller tip must be less than 0.8. (4) Due to the effect of low Reynolds number at high altitude, the S1223 airfoil with high lift and low Re is used.
V. RESULTS AND DISCUSSION

A. LIFT AND DRAG CURVES OF S1223 AIRFOIL
In order to calculate the aerodynamic parameters of the propeller, the lift and drag curves of the airfoil must be known first. There are three methods to obtain these aerodynamic data of the airfoil, which are XFOIL program [21] , CFD simulation and wind tunnel tests. XFOIL program is not suitable for the airfoil laminar flow separation in case of large angle of attack. XFOIL program is considered inaccurate [22] . At 20km, the blade element of the propeller is placed in the region with laminar flow separation and low Reynolds number. Though wind tunnel tests could obtain the accurate aerodynamic data, it is very expensive and timeconsuming. In summary, CFD simulation is chosen to calculate the lift and drag data of airfoil.
The S-A model is selected as the turbulence model to calculate aerodynamic coefficients of S1223 airfoil. The S-A turbulence model was put forward by Spalart and Allmaras in 1992, which is a simple-equation turbulence model by solving the turbulence viscosity transport equations. The aerodynamic calculation results of the S-A turbulence model prove to be very effective, which is widely recognized in the airfoil and the wing fields [23] .
The complete structure C-type mesh is generated by Gambit and the number of grids is 500×100. The used mesh is shown in Fig. 6 . The governing equations are RANS equations. A density-based solver is applied. The S-A model is adopted as the turbulence model. The inlet is velocity inlet boundary condition and the outlet is pressure outlet boundary condition. Green-Gauss node based discretization scheme is selected and the second order upwind scheme is used for turbulence equations discretization. The convergence is also guaranteed by monitoring the residual value which drops below 1.0×10 −6 . Reynolds numbers of the blade element change with the propeller rotation speeds. While Reynolds numbers change from 10000 to 800000 and angles of attack vary from negative 4 to 13 degree, lift and drag coefficient curves of S1223 airfoil are obtained by CFD simulation with the S-A model, which are presented in Fig. 7-Fig. 9 . Lift and drag curve equations are obtained by the polynomial fitting method [24] when Reynolds numbers change from 50000 to 800000. The polynomial fitting functions are as follows. Whereas the polynomial fitting of lift and drag coefficient curves are not suitable for Reynolds number changing from 10000 to 50000, thus the spline interpolation method of MATLAB is used to fit these curves.
(38) FIGURE 7. Lift and drag coefficient curves of S1223 airfoil from Re=10000 to 100000. At Re=150000 and 400000, the fitting results are presented in Fig. 10 and Fig. 11 . Lift and drag coefficient curves are in good agreement with the original data. Lift and drag coefficient curve equations are as follows. 
B. AERODYNAMIC CHARACTERISTICS OF HIGH ALTITUDE PROPELLER
Geometry parameters of the propeller [17] are used to confirm the feasibility of the three methods compared with wind tunnel tests [16] . Vortex Theory which uses S1223 aerodynamic data calculated by the S-A model and XFOIL program is selected to calculate the aerodynamic characteristics of the propeller. On condition of H = 20km and design cruising speed v ∞ = 20m/s, the dimensionless parameters of propeller aerodynamic characteristics at different advance ratios are shown in Fig. 12∼Fig. 14.
It can be seen from Fig. 12 and Fig. 13 that the thrust and power coefficient curves, which are calculated by Vortex Theory with the S-A model, are closer to the wind tunnel tests in contrast with CFD simulation. In Fig. 14 , the efficiency of CFD simulation is closer to the experimental data. Meanwhile, the thrust and power coefficient curves, calculated by Vortex Theory with XFOIL program, are larger than using Vortex Theory with the S-A model. The reasons are that XFOIL program is inviscid and neglects the laminar flow separation under situation of low Reynolds numbers. So the lift coefficient data calculated by XFOIL program are larger than the S-A model and the drag coefficient data are smaller than the S-A model.
C. EQUATION ANALYSIS OF VORTEX THEORY
Eq. (24) is the standard equation of Vortex Theory and can be used to calculate the induced angle of the propeller. Because γ and α i are small, tan γ tan α i is far less than 1. Eq. (24) can be assumed as Eq. (25) . The right hand side of Eq. (25) (24) in Fig. 15 . So it is effective and feasible to simplify the Eq. (24) and it is easy to get the induced angles only knowing the lift curve, which reduces massive iteration computation. 
D. PERFORMANCE OF DESIGN PROPELLER
According to the requirements of the stratospheric aircraft propulsion system, the parameters of the design propeller are listed in Table 1 . The requirements are: the advance velocity of the propeller is 30m/s; the efficiency is larger than 0.7; the thrust is larger than 100N. Pitch angle and chord length of the design propeller are shown in Fig. 16 . The solid model of the design propeller is established by CATIA. (see Fig. 17 ) The design propeller is calculated by Vortex Theory with the S-A model. When the rotation speed of the propeller is 960rpm, angles of attack and interference angles are shown in Fig. 18 . The interference angles of the propeller have an effect on the angles of attack and the angles of attack are negative at the root of the design propeller.
According to the propeller similarity theory [25] , aerodynamic performance of the two propellers is the same when their Reynolds number and advance ratio are equal respectively. In this paper, the CFD simulation method in the third section is selected to calculate the aerodynamic parameters at H = 15km and H = 20km. The density, temperature, pressure and movement viscosity coefficient of the air at H = 15km and H = 20km are listed in Table 2 . The length, density, propeller rotate speed, forward speed and movement viscosity coefficient ratio rules at H = 15km and H = 20km are listed in Table 3 .
The aerodynamic parameters of the design propeller are calculated by the CFD simulation. The results are obtained (see Fig. 19 ). Obviously, the change trends of C T , C P , and η on λ are basically coincident. In summary, the density change has no effect on the aerodynamic parameters of The dependences of C T , C P , and η on λ are determined (Figs. 21-23 ). It is evident that the CFD simulation results for C T , C P and η match the predictions of Vortex Theory with the S-A model very well. The results of the CFD simulation are closer to the design point than Vortex Theory with the S-A model from Fig. 21 to Fig. 23 . It is evident that for λ <0.545, The CFD simulation predicts lower values of C T than Vortex Theory with the S-A model. C P on λ of CFD simulation is larger than Vortex Theory with the S-A model from Fig. 22 . The changing trends of efficiencies on λ between CFD simulation and Vortex Theory with the S-A model are the same.
VI. CONCLUSION
This paper proposes three methods of CFD simulation and vortex theory with the S-A model and XFOIL program calculating the aerodynamic parameters of high altitude propeller. The lift and drag coefficient curves of S1223 airfoil are obtained on the basis of the S-A model and XFOIL program. By contrast, the S-A model is more suitable to calculate aerodynamic parameters of S1223 airfoil on condition of the laminar flow separation and low Reynolds numbers of 20km. Compared with the results of wind tunnel tests, the CFD simulation and vortex theory with the S-A model are realistic and accurate. At the same time, the induced angle equation of vortex theory is simplified and improved. It is convenient to obtain the induced angles only knowing the lift curves, which reduces massive iteration computation.
In this paper, the new high altitude propeller is designed to meet the requirements of stratospheric aircraft propulsion system. The CFD simulation and vortex theory with the S-A model are used to calculate the performance of the design high altitude propeller. The similarity theory of the propeller proves that CFD simulation is correct and the aerodynamic parameter curves are the same on condition of the same Reynolds number and same advance ratio. The results indicate that the design high altitude propeller can reach the requirements of aircraft cruising at the design point. 
